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INTRODUCTION: 


Traumatic  brain  injury  (TBI)  can  result  in  long-term  disability  for  the  human  head  injured 
population.  The  costs  to  both  civilian  and  military  components  of  society  can  be  astronomical 
and  is  currently  estimated  at  48.3  billion  dollars  per  year.  Therefore,  it  is  important  to 
understand  the  progressive  nature  of  TBI  in  order  to  provide  avenues  for  potential  therapeutic 
intervention  to  attenuate  long-term  deficits.  The  purpose  of  this  grant  is  to  study  the  role  of 
progressive  atrophy  after  TBI  in  terms  of  chronic  neurobehavioral  deficits  and  proposed 
contributing  injury  mechanisms.  In  addition,  novel  therapeutic  strategies  targeted  at  these  injury 
mechanisms  will  be  tested  in  order  to  attenuate  the  long-term  behavioral  deficits.  Proposed 
studies  will  make  use  of  an  established  model  of  TBI,  behavioral  outcome  measures  and 
quantitative  histopathology. 

BODY: 

Year  1  of  this  grant’s  approved  statement  of  work  is  as  follows:  “In  Year  1  we  will  begin 
to  examine  the  regional  and  temporal  profile  of  both  gray  and  white  matter  damage  after  TBI. 
Animals  will  be  tested  for  behavioral  deficits  in  order  to  provide  correlative  data  to  compare  to 
the  histopathological  findings.  We  will  begin  to  study  cellular  vulnerability  patterns  after  TBI 
using  not  only  ultrastructural  analysis  of  white  and  gray  matter  pathology  but  also 
immunocytochemistry,”  The  experiments  in  Specific  Aim  1  of  this  grant  which  encompass  the 
regional  and  temporal  profile  of  progressive  atrophy  after  TBI  and  the  sequelae  of 
neurobehavioral  deficits  are  well  underway.  I  was  able  to  hire  a  researcher  to  test  the  animals  in 
August  2002,  so  it  took  a  while  to  get  the  experiment  started.  To  date  we  have  produced  and  are 
testing  the  following  number  of  animals  in  each  group  for  these  studies: 


ggglgganj 

Time  Points 

mm 

8  months 

12  months 

mmmm 

4 

0 

2 

TBI-mod 

5 

2 

3 

3 

3 

TBI-severe 

6 

2 

2 

4 

3 

Sham 

5 

4 

3 

3 

2 

As  you  can  appreciate  from  the  table,  to  ensure  that  our  behavioral  parameters  were 
correct  we  initiated  the  production  of  animals  at  the  14  day  time  point.  We  have  since  begun 
producing  animals  at  the  later  time  points  because  they  will  not  be  tested  until  next  year.  Some 
of  the  animals  at  the  early  time  point  have  already  completed  behavioral  testing  and  have  been 
perfused  and  processed  for  volumetric  histopathological  evaluation  and  immunocytochemistry 
utilizing  markers  for  white  matter  damage.  Animals  are  being  produced  on  a  weekly  basis  so  we 
anticipate  completing  these  studies  on  time.  Our  initial  study  supported  by  this  contract  for  the 
characterization  of  progressive  atrophy  following  TBI  was  published  (Bramlett  et  al.,  2002)  and 
has  been  included  in  the  appendix. 

We  have  also  begun  to  determine  ultrastructural  changes  in  both  white  and  gray  matter 
with  thick  plastic  embedding,  A  post-doc  was  hired  in  July  2002  to  work  on  this  experiment. 
There  is  somewhat  of  a  learning  curve  in  performing  the  TBI  surgery,  but  the  post-doc  has  now 
mastered  it.  Animals  are  being  produced  and  preliminary  analyses  on  specifically  vulnerable 
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structures  for  this  experiment  has  been  completed.  Thick-plastic  sectioning  is  a  time-consuming 
process  and  only  those  structures  most  vulnerable  after  TBI  will  be  utilized  for  this  study. 

KEY  RESEARCH  ACCOMPLISHMENTS: 

1.  All  experiments  pertaining  to  the  State  of  Work  for  Year  1  have  been  begun  and  are 
well  underway. 

2.  Appropriate  personnel  have  been  hired  to  complete  these  experiments. 
REPORTABLE  OUTCOMES: 

Bramlett  HM,  Dietrich  WD.  (2002)  Characterization  of  gray  and  white  matter  structural  changes 
one  year  after  traumatic  brain  injury  in  the  rat,  Acta  Neuropathol  103:607-614. 

The  principal  investigator,  Helen  M.  Bramlett,  reported  on  findings  from  the  above  mentioned 
manuscript  during  a  presentation  at  Nihon  University,  Tokyo,  Japan,  June  2002. 

CONCLUSIONS: 

The  histopathological  and  behavioral  data  are  in  the  process  of  being  analyzed.  Because 
the  experimental  groups  are  randomized,  the  code  has  not  been  broken  yet  for  the  behavior. 
However,  a  preliminary  analysis  of  the  data  at  the  half-way  point  will  be  performed  during  the 
next  reporting  period.  We  anticipate  being  able  to  demonstrate  behavioral  correlates  with  the 
progressive  atrophy  which  will  provide  evidence  for  the  feasibility  of  targeting  long-term 
outcome  for  treatment.  At  this  time  no  changes  in  the  experimental  design  are  anticipated  for  the 
studies  in  the  Year  1  Statement  of  Work. 

REFERENCES: 

Bramlett  HM,  Dietrich  WD.  (2002)  Characterization  of  gray  and  white  matter  structural  changes 
one  year  after  traumatic  brain  injury  in  the  rat.  Acta  Neuropathol  103:607-614. 

APPENDICES: 

See  attached  original  manuscript. 
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Abstract  There  is  evidence  for  chronic  atrophy  after  hu¬ 
man  head  trauma,  which  may  be  associated  with  long¬ 
term  functional  deficits.  However,  using  established  mod¬ 
els  of  traumatic  brain  injury  (TBI)  only  limited  data  are 
available  for  clarifying  the  extent  of  progressive  gray  and 
white  matter  atrophy.  In  the  present  study,  male  Sprague- 
Dawley  rats  underwent  moderate  (2.01-2,21  atm)  para¬ 
sagittal  fluid  percussion  brain  injury  (n=l)  or  sham  (n= 3) 
surgery  and  were  killed  at  1  year  post  TBI.  Semiserial  sec¬ 
tions  were  obtained  through  the  neuraxis  and  double  stained 
with  hematoxylin  and  eosin  to  demarcate  gray  matter 
structures  and  Luxol  fast  blue  for  white  matter  visualiza¬ 
tion.  Both  ipsilateral  and  contralateral  volume  measure¬ 
ments  were  obtained  for  the  following  structures:  cerebral 
cortex,  hippocampus,  dentate  gyrus,  thalamus,  lateral  ven¬ 
tricle,  external  capsule,  internal  capsule,  cerebral  pedun¬ 
cle  and  corpus  callosum.  Quantitative  assessment  of  ipsi¬ 
lateral  gray  matter  structures  from  TBI  rats  revealed  sig¬ 
nificant  reductions  in  cerebral  cortical  area  measurements 
posterior  from  the  trauma  epicenter  compared  to  sham  an¬ 
imals.  Importantly,  several  white  matter  tracts  exhibited 
dramatic  atrophy.  A  comparison  of  TBI  and  sham  groups 
demonstrated  a  significant  (P<0.05)  decrease  in  the  exter¬ 
nal  capsule  and  cerebral  peduncle  volumes  (P<0.007),  In 
addition,  there  was  a  significant  volume  expansion  (533% 
of  control)  of  the  ipsilateral  lateral  ventricle  (P<0.03). 
These  novel  data  emphasize  the  need  to  clarify  the  patho¬ 
physiology  of  progressive  white  matter  damage  after  TBI 
and  the  development  of  therapeutic  strategies  to  target 
white  matter  pathology. 

Keywords  Atrophy  *  Fluid  percussion  injury  * 
Histopathology  •  Chronic  *  Rat 
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Introduction 

Human  head  trauma  frequently  results  in  chronic  disabil¬ 
ity  [18,  30,  31,  45,  54,  55]  associated  with  long-lasting 
cognitive  [18, 30, 31, 46, 54,  55]  and  motor  [31,  54]  prob¬ 
lems.  Persistence  of  functional  deficits  results  in  a  poor 
prognosis  for  the  head-injured  patient  population.  To  pro¬ 
vide  adequate  treatment  strategies  for  these  behavioral  ab¬ 
normalities,  an  understanding  of  acute  as  well  as  progres¬ 
sive  neuropathological  changes  after  traumatic  brain  in¬ 
jury  (TBI)  must  be  clarified.  Whether  progressive  damage 
is  due  to  long-lasting  consequences  of  the  primary  insult 
(i.e.,  Wallerian  degeneration)  [1,  24,  43,  49],  or  results 
from  progressive  secondary  injury  mechanisms  remains 
to  be  determined  [6,  10,  11,  20,  42]. 

Several  clinical  [3, 4,  12,  22,  49,  56]  and  experimental 
[5, 20,  47,  51]  studies  have  reported  evidence  for  progres¬ 
sive  atrophic  changes  after  TBI.  After  human  TBI,  Ander¬ 
son  and  Bigler  [3]  reported  widespread  atrophy  of  both 
white  and  gray  matter  structures.  In  that  study,  the  extent 
of  ventricular  expansion  was  positively  correlated  with 
more  severe  neuropsychological  impairments  in  memory. 
Anderson  and  Bigler  [2]  further  reported  that  trauma-in¬ 
duced  dilation  of  the  anterior  horn  of  the  lateral  ventricle 
was  associated  with  atrophy  of  the  corpus  callosum  in  pa¬ 
tients.  Interestingly,  ventricular  dilation  was  not  associ¬ 
ated  with  shrinkage  of  the  caudate  nucleus  and,  therefore, 
these  investigators  proposed  that  ventricular  dilation  was 
not  primarily  due  to  gray  matter  loss.  Other  investigators 
have  demonstrated  relationships  between  cognitive  out¬ 
come  and  degrees  of  atrophy  after  injury  [12,  45]. 

Atrophic  changes  in  gray  and  white  matter  may  under¬ 
lie  some  of  the  chronic  functional  deficits  observed  in  TBI 
patients  following  neuropsychological  testing.  This  hy¬ 
pothesis  is  supported  by  clinical  data  reporting  an  associ¬ 
ation  between  head  trauma  and  the  late  occurrence  of  sev¬ 
eral  neurodegenerative  diseases  including  Alzheimer’s 
disease  [33,  36].  However,  only  recently  have  experimen¬ 
tal  studies  been  concerned  with  more  chronic  histopatho- 
logical  and  behavioral  consequences  of  TBI.  Bramlett  et 
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al.  [5]  reported  a  decrease  in  volume  of  several  ipsilateral 
gray  matter  structures,  relative  to  the  contralateral  hemi¬ 
sphere  and  sham  operated  animals,  at  2  months  following 
moderate  parasagittal  fluid  percussion  (FP)  brain  injury. 
In  that  study,  the  ipsilateral  structures  that  were  affected 
included  the  cerebral  cortex,  thalamus,  hippocampus  and 
dentate  gyrus  with  an  enlargement  of  the  lateral  ventricle. 
This  work  was  extended  by  Smith  et  al.  [47],  who  re¬ 
ported  progressive  tissue  loss  within  the  cortex  and  hip¬ 
pocampus  at  various  times  up  to  1  year  following  lateral 
FP  injury.  Both  studies  [5,  47]  reported  expansion  of  the 
lateral  ventricle,  a  phenomenon  which  is  also  observed  in 
TBI  patients  [3].  Additionally,  Dixon  et  al.  [20]  recently 
reported  similar  findings  in  a  model  of  controlled  cortical 
impact  trauma  (CCI).  Comparison  of  tissue  obtained  at 
3  weeks  and  1  year  post-injury  demonstrated  a  significant 
hemispheric  volume  loss,  and  again  expansion  of  the  ipsi¬ 
lateral  lateral  ventricle. 

It  is  important  to  emphasize  that  previous  experimental 
studies  primarily  restricted  their  analysis  to  gray  matter 
structures.  This  point  is  important  because  clinical  studies 
have  reported  white  matter  atrophy  [2,  3,  22,  49].  In  TBI 
patients  who  present  with  deficits  in  higher  cortical  func¬ 
tion,  structural  abnormalities  in  white  matter  tracts  may 
underlie  the  lack  of  long-term  functional  improvement. 
The  present  study  was  therefore  designed  not  only  to  as¬ 
sess  gray  matter  atrophy  in  a  clinically  relevant  model  of 
TBI,  but  the  existence  of  white  matter  atrophy.  Using 
stains  that  target  both  gray  and  white  matter,  we  report 
gray  matter  atrophy  and  for  the  first  time  white  matter 
atrophic  changes  after  moderate  parasagittal  FP  injury  at 
1  year. 


Materials  and  methods 


Fig.  1  A,  B  Illustration  of  representative  bregma  levels  from  which 
structures  were  drawn  [40].  A  Level  3.3  posterior  from  bregma  out¬ 
lining  cerebral  cortex,  hippocampus  ( Hipp ),  dentate  gyrus  (DG), 
lateral  ventricle  (LV),  internal  capsule  (/C),  thalamus  (Th)  and  ex¬ 
ternal  capsule  (EC).  B  Level  4.8  posterior  from  bregma  outlining 
corpus  callosum  (CC)  and  cerebral  peduncle  (CP).  Figures  adapted 
from  Paxinos  and  Watson  [40] 


Surgical  procedures 

Ten  young  adult  male  Sprague-Dawley  rats  were  used  for  this  ex¬ 
periment.  Animals  were  maintained  on  a  12/12  (light/dark)  cycle 
and  given  food  ad  libitum.  All  animal  procedures  followed  the  Na¬ 
tional  Institutes  of  Health  ‘Guide  for  the  Care  and  Use  of  Labora¬ 
tory  Animals’  and  were  approved  by  the  university’s  animal  care 
and  use  committee.  Animals  were  anesthetized  24  h  prior  to  injury 
with  equithesin  (1.0  ml)  and  surgically  prepared  for  parasagittal 
fluid  percussion  (FP)  injury  to  the  right  hemisphere  as  described 
previously  [15].  Briefly,  a  craniotomy  (4.8  mm)  was  performed  at 
3.8  mm  posterior  to  bregma  and  2.5  mm  lateral  to  the  midline  [40]. 
A  plastic  injury  tube  was  placed  over  the  exposed  dura  and  bonded 
by  adhesive.  Dental  acrylic  was  used  to  affix  the  injury  tube  to  the 
skull.  The  scalp  was  then  sutured  closed  and  the  animal  was  al¬ 
lowed  to  recover  before  being  returned  to  the  home  cage. 

After  fasting  overnight,  a  FP  device  was  used  to  produce  ex¬ 
perimental  TBI  via  the  injury  tube  [19].  Intubated  anesthetized  rats 
(70%  nitrous  oxide,  0.5%  halothane,  and  30%  oxygen)  were  sub¬ 
jected  to  a  pressure  pulse  of  moderate  (2.01-2.21  atm)  intensity 
(TBI,  n-1).  Prior  to  TBI,  catheters  were  placed  in  the  right  femoral 
artery  to  monitor  arterial  blood  pressure  and  blood  gases.  Rectal 
temperature  and  brain  temperature  were  maintained  at  normother- 
mic  (37°C)  levels  prior  to  and  30  min  after  TBI.  Sham  animals  un¬ 
derwent  all  surgical  procedures  except  for  the  actual  injury  (Sham, 
/i=3).  Following  these  procedures,  rats  were  placed  in  a  standard 
housing  environment  consisting  of  a  17  inchx8.5  inchx8  inch  plas¬ 
tic  cage. 


Histopathology 

Animals  were  killed  1  year  after  TBI  or  sham  surgery.  Animals 
were  anesthetized  and  perfused  transcardially  with  isotonic  saline 
at  a  pressure  of  100-120  mm  Hg  for  15  s.  This  was  followed  by 
fixative  for  20  min  (FAM,  a  mixture  of  40%  formaldehyde,  glacial 
acetic  acid  and  methanol;  1:1:8  by  volume).  After  perfusion,  the 
heads  were  immersed  in  FAM  at  4°C  for  24  h.  The  brains  were 
then  blocked  and  embedded  in  paraffin.  Tissue  sections  (10  pm 
thick)  were  taken  at  500-pm  intervals  throughout  the  neuraxis. 
Sections  were  then  double  stained  with  Luxol-fast  blue  and  hema¬ 
toxylin  and  eosin  for  histopathological  assessment. 

Coronal  sections  at  multiple  levels  (0.8,  1.8,  3.3,  4.3,  5.8,  6.8, 
7.3  mm  posterior  to  bregma)  were  used  for  volumetric  measure¬ 
ment  [61].  Volume  measurements  for  each  structure  were  computed 
using  area  components  from  multiple  semiserial  sections  using  nu¬ 
meric  integration  of  successive  areas.  Areas  were  determined  by 
tracing  the  boundaries  of  each  structure  at  a  power  of  lx  from  a 
minimum  of  three  coronal  sections  at  different  bregma  levels  de¬ 
pending  on  the  size  of  the  structure  using  a  camera  lucida  micro¬ 
scope  attachment.  Areas  were  calculated  by  retracing  these  draw¬ 
ings  onto  a  digitizing  tablet  that  was  interfaced  with  a  computer. 
The  following  ipsilateral  and  contralateral  structures  were  analyzed: 
cerebral  cortex,  dentate  gyrus,  hippocampus,  thalamus,  lateral  ven¬ 
tricle,  external  capsule,  internal  capsule,  cerebral  peduncle  and  cor¬ 
pus  callosum.  Figure  1  depicts  the  structures  at  representative  bregma 
levels  that  were  included  in  the  analysis. 


Fig,2A-G  Double-stained  H&E  and  Luxol-fast  blue  sections  1  year 
after  TBI  or  sham  procedure,  A  TBI  animal  showing  gross  atrophy 
with  marked  expansion  of  the  ipsilateral  lateral  ventricle,  B  Sham- 
operated  animal  appearing  unremarkable.  C  Higher  magnification 
of  external  capsule  thinning  (arrows)  after  TBI.  D  Los's  of  white 
matter  staining  in  the  corpus  callosum  following  injury,  possibly 
indicating  demyelination  (§),  E  Sham  animal  showing  normally 
stained  white  matter  fibers.  F  TBI  animal  demonstrating  atrophic 
changes  within  ipsilateral  cerebral  peduncle.  In  contrast,  sham  an¬ 
imal  shows  unremarkable  cerebral  peduncle  (G)  (TBI  traumatic 
brain  injury).  A,  B  x25;  C-E  x220;  F,  G  x96 


was  performed  across  bregma  levels  posterior  from  the  epicenter 
followed  by  Tukeys  test.  Ipsilateral  and  contralateral  volume  mea¬ 
surement  comparisons  between  groups  were  analyzed  using  one¬ 
way  ANOVA,  P<0.05  for  significance. 


Results 

Histopathology 


Statistical  analysis 

Histopathological  data  were  expressed  as  mean  ±  standard  error 
(±  SEM),  Repeated  measures  analysis  of  the  cerebral  cortex  areas 


At  1  year  following  FP  brain  injury  extensive  atrophy  of 
the  ipsilateral  hemisphere  and  expansion  of  the  lateral 
ventricle  was  clearly  evident  (Fig.2A),  In  contrast,  sham 
animals  at  1  year  demonstrated  a  normal  symmetrical  ap- 
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Fig.  3  Cerebral  cortical  area  measurements  at  several  posterior 
bregma  levels.  Values  from  TBI  animals  were  reduced  compared 
to  sham  animals  across  all  bregma.  Two  levels  (4.3  and  6.8)  demon¬ 
strated  significant  area  loss  compared  to  sham  values 


pearance  to  the  tissue  (Fig.2B).  Higher  magnification  of 
the  traumatized  hemisphere  demonstrated  a  general  thin¬ 
ning  of  the  cortical  layer  and  a  marked  thinning  of  the  ex¬ 
ternal  capsule  (Fig.  2C).  Furthermore,  abnormal  Luxol- 
fast  blue  staining  within  the  middle  fibers  of  the  corpus 
callosum  (Fig.  2D)  compared  to  sham  animals  was  observed 
(Fig.  2E).  This  abnormal  appearance  may  indicate  a  loss 
of  myelin.  In  addition  to  dramatic  atrophy  within  the  ex¬ 
ternal  capsule,  there  was  also  white  matter  tissue  loss  in 
the  ipsilateral  cerebral  peduncle  of  TBI  animals  (Fig.  2F) 
compared  to  sham-operated  rats  (Fig.  2G)  at  1  year. 


Area  and  volume  measurements 

Repeated  measures  analysis  of  ipsilateral  cerebral  cortical 
areas  (Fig.  3)  demonstrated  significant  differences  (P<0.05) 
between  TBI  and  sham-operated  rats.  One-way  ANOVA 
analysis  for  each  bregma  level  revealed  two  levels  pos¬ 
terior  from  bregma  (4.3  and  6.8)  that  were  significantly 
different  (P<0.05)  from  sham-operated  animals.  Although 
overall  cortical  volume  was  not  significantly  different 
between  TBI  and  sham-operated  rats,  significant  differ¬ 
ences  in  cortical  areas  were  seen  at  specific  bregma  levels 
(Fig.  2A).  The  areas  included  somatosensory  cortex,  pari¬ 
etal,  auditory  and  visual  cortices  ipsilateral  to  the  injury 
[40].  Analysis  of  other  gray  matter  structures  (Fig.  4)  re¬ 
vealed  no  significant  reductions  in  overall  structural  vol¬ 
ume. 

In  contrast  to  the  findings  in  gray  matter  structures, 
TBI  volume  measurements  of  the  ipsilateral  external  capsule 
(Fig.  5A)  were  significantly  (PcO.05)  different  from  sham 
animals.  The  TBI  group  had  a  mean  volume  of  4.93  mm3 


compared  to  7.92  mm3  for  sham-operated  animals.  The 
cerebral  peduncle  (Fig.  5B)  also  exhibited  atrophic  changes 
after  TBI.  Sham  animals  had  a  significantly  (P<0.007) 
larger  volume  for  the  ipsilateral  cerebral  peduncle  than 
FP-injured  animals.  Significant  differences  were  not  ob¬ 
served  for  volume  measurements  of  the  internal  capsule 
or  corpus  callosum.  However,  as  described  above,  a  lack 
of  Luxol-fast  blue  staining  within  the  corpus  callosum  of 
TBI  animals  was  observed  compared  to  sham-operated 
rats. 

As  previously  observed  at  2  months  after  FP  injury  [5] 
there  was  a  significant  (P<0.03)  increase  in  the  area  and 
volume  of  the  ipsilateral  lateral  ventricle  (Fig.  6).  There 
was  an  approximately  fivefold  expansion  of  the  lateral 
ventricle  at  1  year  following  TBI.  In  contrast  to  these  find¬ 
ings  on  ipsilateral  structures,  there  were  no  significant  dif¬ 
ferences  between  TBI  and  sham  animals  on  any  contralat¬ 
eral  structures  analyzed. 


Discussion 

The  present  data  support  previous  studies  showing  signif¬ 
icant  gray  matter  atrophy  after  experimental  TBI  in  the  in¬ 
jured  cortex  with  chronic  survival  periods  and  extend  these 
structural  abnormalities  to  white  matter  changes.  These 
findings  are  important  because  white  matter  changes  would 
be  expected  to  result  in  circuit  dysfunction  and  possibly 
underlie  many  of  the  long-term  behavioral  abnormalities 
associated  with  TBI. 

In  modeling  human  TBI,  it  is  important  to  describe 
components  of  the  model  that  are  clinically  relevant.  Un¬ 
til  recently,  only  gray  matter  atrophy  has  been  observed 
after  chronic  experimental  TBI.  However,  white  matter  at¬ 
rophy  has  been  reported  in  head-injured  patient  popula¬ 
tions  [2,  3,  22].  In  the  present  study  a  double  staining  pro¬ 
cedure  was  utilized  to  critically  demarcate  both  gray  and 
white  matter  structures.  Although  no  significant  differences 
were  observed  within  the  overall  cerebral  cortex  volume 
measurements,  when  analyzing  specific  bregma  area  mea¬ 
surements,  significant  differences  were  evident.  It  would 
be  expected  that  evidence  for  regionally  specific  cortical 
thinning  would  be  diluted  by  assessing  the  entire  cerebral 
cortex.  In  this  regard,  progressive  atrophy  within  speci¬ 
fied  ranges  of  bregma  levels  posterior  from  the  injury  epi¬ 
center  has  been  reported  by  Smith  et  al.  [47].  In  addition, 
although  the  present  study  does  not  report  on  earlier  time 
points,  Smith  et  al.  documented  progressive  atrophy  at 
various  time  points  up  to  1  year.  In  particular,  their  values 
for  tissue  loss  within  the  cortex  increased  over  time,  pos¬ 
sibly  indicating  an  actively  expanding  deterioration  of  tis¬ 
sue. 

Our  laboratory  has  previously  described  acute  axonal 
pathology  at  the  light  and  ultrastructural  levels  using  the 
present  TBI  model  [6,  14].  Others  have  also  reported  ax¬ 
onal  pathology  after  experimental  TBI  and  clarified  the 
pathophysiology  of  the  injury  process  [26,  39,  41, 42, 43]. 
Following  FP  injury,  there  is  an  acute  swelling  of  axons 
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Fig,  4A-D  Volume  measurements  for  gray  matter  structures, 
A  Ipsilateral  TBI  cortical  volume  measurement  is  reduced  but  not 
significantly  different  from  sham.  B-D  There  is  also  no  significant 
difference  between  TBI  and  sham  animals  in  thalamic,  hippocam¬ 
pal,  or  dentate  gyrus  volumes 

and  marked  intra-axonal  ultrastructural  changes  [14,  41, 
43],  Besides  morphological  changes,  we  and  others  have 
utilized  (3-amyloid  precursor  protein  (p-APP)  as  a  marker 
of  axonal  pathology  [6,  42,  48].  An  early  but  transient  ap¬ 
pearance  of  P-APP  profiles  within  the  ipsilateral  striatum 
after  FP  injury  was  demonstrated  [6].  In  contrast,  thalamic 
accumulation  of  P-APP  within  the  ventral  posterior  nu¬ 
cleus  was  delayed  and  did  not  appear  until  7  days  after 
trauma.  Pierce  et  al.  [42]  reported  the  sustained  presence 
of  p-APP  from  1  month  to  1  year  post-injury.  In  that 
study,  p-APP  accumulation  was  present  in  the  dorsome- 
dial  striatum,  thalamus,  subcortical  white  matter  and  cor¬ 


B  Thalamus 


Ipsi  Ipsi  Contra  Contra 

Sham  TBI  Sham  TBI 


Group 


D  Dentate  Gyrus 


Group 


tical  regions  near  the  cortical  cavity.  Based  on  the  present 
findings,  it  is  unclear  whether  these  white  matter  changes 
represent  active  or  passive  degenerative  processes.  There¬ 
fore,  an  important  question  is  whether  chronic  white  mat¬ 
ter  damage  is  due  to  progressive  axonal  pathology  (Le,, 
Wallerian  degeneration)  or  is  a  consequence  of  other  white 
matter  disturbances  including  myelin  degeneration. 

The  incidence  of  Wallerian  degeneration  following 
TBI  has  been  described  by  many  investigators  [1,  43,  49]. 
Povlishock  [43]  reported  that  axonal  degeneration  results 
from  a  disconnection  within  the  axon  and  a  rapid  degen¬ 
eration  of  the  distal  axonal  segment.  These  axonal  changes 
have  been  reported  to  occur  rapidly  in  lower  order  ani¬ 
mals  but  much  more  rapidly  in  higher  order  animals  and 
humans.  However,  after  human  TBI,  structural  changes 
within  the  thalamus  can  be  delayed  and  not  observed  un¬ 
til  3  months  post-injury  [1],  Although  loss  of  cortical  neu¬ 
rons  (i.e.  nutritive  centers  for  the  axon)  may  initially  con- 
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Fig.5A-D  Volume  measurements  for  white  matter  structures. 
A  The  external  capsule  volume  is  significantly  reduced  1  year  after 
trauma  compared  to  sham  animals.  B  The  ipsilateral  cerebral  pe¬ 
duncle  also  showed  a  significant  decrease  in  volume.  C,  D  Both 
internal  capsule  and  corpus  callosum  demonstrate  no  significant 
decrease  in  volume  following  trauma  compared  to  sham  animals 


tribute  to  axonal  loss  it  is  possible  secondary  mechanisms 
of  injury  may  also  contribute  to  the  gross  atrophy  ob¬ 
served  in  the  white  matter  tracts  in  the  present  study.  One 
argument  against  this  suggestion  is  that  the  frontal  parietal 
cortical  damage  produced  by  this  FP  model  does  involve 
sensory  motor  areas  which  have  major  projections  to  the 
external  capsule  and  cerebral  peduncle  [57].  Therefore, 
the  observed  responses  in  the  white  matter  may  be  a  direct 
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result  of  anterograde  degeneration  rather  than  some  other 
traumatically  induced  response  capable  of  causing  pro¬ 
gressive  white  matter  change.  This  paper  by  no  means  re¬ 
solves  this  issue  but  does  question  whether  Wallerian  de¬ 
generation  is  the  only  mechanism  underlying  the  patho¬ 
genesis  of  white  matter  damage  after  chronic  TBI. 

Although  the  specific  pathological  pathways  contribut¬ 
ing  to  progressive  tissue  loss  after  TBI  have  not  been  well 
clarified,  several  possible  mechanisms  have  been  proposed. 
These  include  apoptotic  cell  death  ([8,  9,  10,  11,  21,  28, 
37,  58],  for  review  see  [44]),  inflammation  [25,  35,  38] 
and  excitotoxicity  in  white  matter  tracts  [27,  34,  50].  An¬ 
other  mechanism  that  may  participate  in  progressive  dam¬ 
age  is  prolonged  regional  hypoperfusion.  In  this  regard, 
acute  and  subacute  hemodynamic  abnormalities  have  been 
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Fig.  6  Volume  measurements  for  the  lateral  ventricle.  There  is 
marked  expansion  of  the  ipsilateral  lateral  ventricle  after  TBI  when 
compared  to  sham  animals.  The  increase  us  greater  than  that  pre¬ 
viously  reported  at  2  months  from  this  laboratory  [5],  indicating 
continued  atrophic  changes  at  more  chronic  time  points 

described  by  various  laboratories  after  TBI  [7f  13, 16, 17, 
23,  32,  59,  60],  Importantly,  several  clinical  studies  have 
reported  the  presence  of  areas  of  hypoperfusion  chroni¬ 
cally  after  trauma  [4,  52],  Terayama  and  colleagues  [52] 
demonstrated  chronic  reductions  in  1CBF  within  the  puta- 
men,  thalamus  and  subcortical  white  matter  more  than  six 
years  after  human  TBI,  Cognitive  recovery  after  trauma 
has  also  been  reported  to  correlate  with  improvements  in 
white  matter  blood  flow  [53],  A  recent  study  by  Kura- 
matani  et  al,  [29]  reported  changes  in  neurofilament-H 
and  myelin  basic  protein  in  white  matter  following  two 
months  of  chronic  hypoperfusion.  Interestingly,  in  that 
study  damage  to  the  myelin  sheath  was  reported  to  pre¬ 
cede  axonal  damage.  At  this  time,  it  is  unknown  whether 
the  present  TBI  model  produces  chronic  hypoperfusion.  If 
this  is  the  case,  then  appropriate  treatment  strategies  may 
be  tested  to  improve  post-traumatic  perfusion  and/or  in¬ 
hibit  ischemic  pathophysiological  mechanisms  leading  to 
white  matter  vulnerability. 

Whether  progressive  damage  after  brain  injury  is  due 
to  long  lasting  post-traumatic  consequences  primarily  re¬ 
sulting  from  the  initial  insult  and/or  result  from  active  sec¬ 
ondary  injury  mechanisms  remains  to  be  determined.  In 
order  to  provide  effective  treatment  strategies  for  behav¬ 
ioral  abnormalities  after  experimental  TBI,  the  pathogen¬ 
esis  of  acute  as  well  as  progressive  injury  mechanisms 
must  be  clarified.  The  present  model  of  progressive  gray 
and  white  matter  atrophy  appears  to  be  an  appropriate 
model  in  which  to  clarify  these  issues. 

Acknowledgements  TThe  authors  wish  to  thank  Susan  Kraydieh 
and  George  Lotocki  for  their  technical  assistance.  This  study  was 
supported  by  NS  30291  and  US  Army  DAMD  17-02-1-0190, 


References 

1 .  Adams  JH,  Graham  DI,  Jennett  B  (2000)  The  neuropathology 
of  the  vegetative  state  after  an  acute  brain  insult.  Brain  123: 
1327-1338 

2.  Anderson  CV,  Bigler  ED  (1994)  The  role  of  caudate  nucleus 
and  corpus  callosum  atrophy  in  trauma-induced  anterior  horn 
dilation.  Brain  Inj  8:565-569 

3.  Anderson  CV,  Bigler  ED  (1995)  Ventricular  dilation,  cortical 
atrophy,  and  neuropsychological  outcome  following  traumatic 
brain  injury.  J  Neuropsychiatry  Clin  Neurosci  7:42-48 

4.  Barclay  L,  Zemcov  A,  Reichert  W,  Blass  IP  (1985)  Cerebral 
blood  flow  decrements  in  chronic  head  injury  syndrome,  Biol 
Psychiatry  20:146-157 

5. Bramlett  HM,  Dietrich  WD,  Green  EJ,  Busto  R  (1997)  Chronic 
histopathological  consequences  of  fluid-percussion  brain  injury 
in  rats:  effects  of  post-traumatic  hypothermia,  Acta  Neuropathol 
93:190-199 

6.  Bramlett  HM,  Kraydieh  S,  Green  EJ,  Dietrich  WD  (1997) 
Temporal  and  regional  patterns  of  axonal  damage  following 
traumatic  brain  injury:  a  beta-amyloid  precursor  protein  im- 
munoeytochemieal  studv  in  rats,  J  Neuropathol  Exp  Neurol  56: 
1132-1141 

7.  Bryan  RM,  Cherian  L,  Robertson  C  (1995)  Regional  cerebral 
blood  flow  after  controlled  cortical  impact  injury  in  rats, 
Anesth  Analg  80:687-695 

8.  Clark  RSB,  Kochanek  PM,  Chen  M,  Watkins  SC,  Marion  DW, 
Chen  J,  Hamilton  RL,  Loeffert  JE,  Graham  SH  (1999)  In¬ 
creases  in  Bcl-2  and  cleavage  of  caspase-1  and  caspase-3  in  hu¬ 
man  brain  after  head  injury,  FASEB  J  13:813-821 

9.  Clark  RSB,  Kochanek  PM,  Watkins  SC.  Chen  M,  Dixon  CE, 
Seidberg  NA,  Loeffert  JE,  Nathaniel  PD,  Jin  KL,  Graham  SH 
(2000)  Caspase-3  mediated  neuronal  death  after  traumatic 
brain  injury  in  rats,  J  Neuroehem  74:740-753 

10.  Conti  AC,  Raghupathi  R,  Trojanowski  JQ,  McIntosh  TK 
(1998)  Experimental  brain  injury  induces  regionally  distinct 
apoptosis  during  the  acute  and  delayed  post-traumatic  period, 
J  Neurosci  18:5663-5672 

1 1 .  Crowe  MJ,  Bresnahan  JC,  Shuman  SL,  Masters  JN,  Beattie  MS 
(1997)  Apoptosis  and  delayed  degeneration  after  spinal  cord 
injury  in  rats  and  monkeys.  Nat  Med  3:73-77 

12. Cullum  CM,  Bigler  ED  (1986)  Ventricle  size,  cortical  atrophy 
and  the  relationship  with  neuropsychological  status  in  closed 
head  injury:  a  quantitative  analysis,  J  Clin  Exp  Neuropsychol 
8:437-452 

13.  Dewitt  DS,  Jenkins  LW,  Wei  EP,  Lutz  H,  Becker  DP,  Kontos 
HA  (1986)  Effects  of  fluid-percussion  brain  injury  on  regional 
cerebral  blood  flow  and  pial  arteriolar  diameter.  J  Neurosurg 
64:787-794 

14.  Dietrich  WD,  Alonso  O,  Halley  M  (1994)  Early  microvascular 
and  neuronal  consequences  of  traumatic  brain  injury:  a  light  and 
electron  microscopic  study  in  rats.  J  Neurotrauma  1 1:289-301 

15.  Dietrich  WD,  Alonso  O,  Busto  R,  Globus  MY-T,  Ginsberg  MD 
(1994)  Post-traumatic  brain  hypothermia  reduces  histopatho¬ 
logical  damage  following  concussive  brain  injury  in  the  rat. 
Acta  Neuropathol  87:250-258 

16.  Dietrich  WD,  Alonso  O,  Busto  R,  Prado  R,  Dewanjee  S,  De- 
wanjee  MK,  Ginsberg  MD  (1996)  Widespread  hemodynamic 
depression  and  focal  platelet  accumulation  after  fluid  percus¬ 
sion  brain  injury:  a  double-label  autoradiographic  study  in  rats. 
J  Cereb  Blood  Flow  Metab  16:481—489 

17.  Dietrich  WD,  Alonso  O,  Busto  R,  Prado  R,  Zhao  W,  Dewanjee 
MK,  Ginsberg  MD  (1998)  Posttraumatic  cerebral  ischemia  af¬ 
ter  fluid  percussion  brain  injury:  an  autoradiographic  and 
histopathological  study  in  rats.  Neurosurg  43:585-594 

lS.Dikmen  S,  Temkin  N,  McLean  A,  Wyler  A,  MacHamer  J 
(1987)  Memory  and  head  injury  severity,  J  Neurol  Neurosurg 
Psy chiatry  50:1613-1618 

19.  Dixon  CE,  Lyeth  BG,  Povlishock  JT,  et  al  (1987)  A  fluid  per¬ 
cussion  model  of  experimental  brain  injury  in  the  rat.  J  Neuro¬ 
surg  67:110-119 


20.  Dixon  CE,  Kochanek  PM,  Yan  HQ,  Schiding  JK,  Griffith  RG, 
Baum  E,  Marion  DW,  DeKosky  ST  (1999)  One -year  study  of 
spatial  memory  performance,  brain  morphology,  and  choliner¬ 
gic  markers  after  moderate  controlled  cortical  impact  in  rats. 
J  Neurotrauma  16:109-122 

21. Eldadah  BA,  Faden  AI  (2000)  Caspase  pathways,  neuronal 
apoptosis,  and  CNS  injury.  J  Neurotrauma  17:811-829 

22.  Gale  SD,  Burr  RB,  Bigler  ED,  Blatter  D  (1993)  Fornix  degen¬ 
eration  and  memory  in  traumatic  brain  injury.  Brain  Res  Bull 
32:345-349 

23.  Ginsberg  MD,  Zhao  W,  Alonso  OF,  Loor-Estades  JY,  Dietrich 
WD,  Busto  R  (1997)  Uncoupling  of  local  cerebral  glucose  me¬ 
tabolism  and  blood  flow  following  acute  fluid-percussion  in¬ 
jury  in  rats.  Am  J  Physiol  272:H2859-H2868 

24.  Graham  DI,  Adams  JH,  Nicoll  JAR,  Maxwell  WL,  Gennarelli 
TA  (1995)  The  nature,  distribution  and  causes  of  traumatic 
brain  injury.  Brain  Pathol  5:397-^-06 

25.  Graham  DI,  McIntosh  TK,  Maxwell  WL,  Nicoll  JAR  (2000) 
Recent  advances  in  neurotrauma.  J  Neuropathol  Exp  Neurol 
59:641-651 

26.  Graham  DI,  Raghupathi  R,  Saatman  KE,  Meaney  D,  McIntosh 
TK  (2000)  Tissue  tears  in  the  white  matter  after  lateral  fluid 
percussion  brain  injury  in  the  rat:  relevance  to  human  brain  in¬ 
jury.  Acta  Neuropathol  99:1 17-124 

27.  Grossman  SD,  Wolfe  BB,  Yasuda  RP,  Wrathall  JR  (1999)  Al¬ 
terations  of  AMPA  receptor  subunit  expression  after  experi¬ 
mental  spinal  cord  contusion  injury.  J  Neurosci  19:5711-5720 

28.  Keane  RW,  Kraydieh  S,  Lotocki  G,  Alonso  OF,  Aldana  P,  Diet- 
rich  WD  (2001)  Apoptotic  and  antiapoptotic  mechanisms  after 
traumatic  brain  injury.  J  Cereb  Blood  Flow  Metab  21:1 189—1 198 

29. Kurumatani  T,  Kudo  T,  Ikura  Y,  Takeda  M  (1998)  White  mat¬ 
ter  changes  in  the  gerbil  under  chronic  cerebral  hypoperfusion. 
Stroke  29:1058-1062 

30.  Levin  HS,  Grossman  RG,  Rose  JE,  Teasdale  G  (1979)  Long¬ 
term  neuropsychological  outcome  of  closed  head  injury.  J  Neu- 
rosurg  10:412-422 

31.  Levin  HS,  Amparo  E,  Eisenberg  HM,  Williams  DH,  High  WM 
Jr,  McArdle  CB,  Weiner  RL  (1987)  Magnetic  resonance  imag¬ 
ing  and  computerized  tomography  in  relation  to  the  neurobe- 
havioral  sequelae  of  mild  and  moderate  head  injuries.  J  Neuro- 
surg  66:706-713 

32. Lewelt  W,  Jenkins  LW,  Miller  JD  (1980)  Autoregulation  of 
cerebral  blood  flow  after  experimental  fluid  percussion  injury 
of  the  brain.  J  Neurosurg  53:500-51 1 

33. Mayeux  R,  Ottman  R,  Rang  MX,  et  al  (1993)  Genetic  suscep¬ 
tibility  and  head  injury  as  risk  factors  for  Alzheimer’s  disease 
among  community-dwelling  elderly  persons  and  their  first-de¬ 
gree  relatives.  Ann  Neurol  33:494-501 

34.  McDonald  JW,  Althomsons  SP,  Hyre  KL,  Choi  DW,  Goldberg 
MP  (1998)  Oligodendrocytes  from  forebrain  are  highly  vulner¬ 
able  to  AMPA/kainate  receptor-mediated  excitotoxicity.  Nat 
Med  4:291-297 

35.  McIntosh  TK,  Saatman  KE,  Raghupathi  R,  Graham  DI,  Smith 
DH,  Lee  VM,  Trojanowski  JQ  (1998)  The  Dorothy  Russell 
Memorial  Lecture.  The  molecular  and  cellular  sequelae  of  ex¬ 
perimental  traumatic  brain  injury:  pathogenetic  mechanisms. 
Neuropathol  Appl  Neurobiol  24:251-267 

36.  Mortimer  JA,  Duijn  CM  van,  Chandra  V  (1991)  Head  trauma 
as  a  risk  factor  for  Alzheimer’s  disease:  a  collaborative  reanaly¬ 
sis  of  case-controlled  studies.  Int  J  Epidemiol  20  (Suppl  2): 
S28-S35 

37.  Newcomb  JK,  Zhao  X,  Pike  BR,  Hayes  RL  (1999)  Temporal 
profile  of  apoptotic-like  changes  in  neurons  and  astrocytes  fol¬ 
lowing  controlled  cortical  impact  injury  in  the  rat.  Exp  Neurol 
158:76-88 

38. Nonaka  M,  Chen  X-H,  Pierce  JES,  Leoni  MJ,  McIntosh  TK, 
Wolf  JA,  Smith  DH  (1999)  Prolonged  activation  of  NF-kB  fol¬ 
lowing  traumatic  brain  injury  in  rats.  J  Neurotrauma  16:1023- 
1034 

39,Okonkwo  DO,  Pettus  EH,  Moroi  J,  Povlishock  JT  (1998)  Al¬ 
teration  of  the  neurofilament  sidearm  and  its  relation  to  neuro¬ 
filament  compaction  occurring  with  traumatic  axonal  injury. 
Brain  Res  784:1-6 


40. Paxinos  G,  Watson  C  (1982)  The  rat  brain  in  stereotaxic  coor¬ 
dinates.  Academic  Press,  New  York 

41.  Pettus  EH,  Povlishock  JT  (1996)  Characterization  of  a  distinct 
set  of  intra-axonal  ultrastructural  changes  associated  with  trau- 
matically  induced  alteration  in  axolemmal  permeability.  Brain 
Res  722:1-11 

42.  Pierce  JES,  Smith  DH,  Trojanowski  JQ,  McIntosh  TK  (1998) 
Enduring  cognitive,  neurobehavioral  and  histopathological 
changes  persist  for  up  to  one  year  following  severe  experimen¬ 
tal  brain  injury  in  rats.  Neuroscience  87:359-369 

43.  Povlishock  JT  (1992)  Traumatically  induced  axonal  injury: 
pathogenesis  and  pathobiological  implications.  Brain  Pathol  2: 
1-12 

44.  Raghupathi  R,  Graham  DI,  McIntosh  TK  (2000)  Apoptosis  af¬ 
ter  traumatic  brain  injury.  J  Neurotrauma  17:927-938 

45.  Reider-Groswasser  I,  Cohen  M,  Costeff  H,  Groswasser  Z 
(1992)  Late  CT  findings  in  brain  trauma:  relationship  to  cogni¬ 
tive  and  behavioral  sequelae  and  to  vocational  outcome.  Am  J 
Roentgenol  160:147-152 

46.Sbordone  RJ,  Liter  JC,  Pettier- Jennings  P  (1995)  Recovery  of 
function  following  severe  traumatic  brain  injury:  a  retrospec¬ 
tive  10-year  follow-up.  Brain  Inj  9:285-299 

47.  Smith  DH,  Chen  X-H,  Pierce  JES,  Wolf  JA,  Trojanowski  JQ, 
Graham  DI,  McIntosh  TK  (1997)  Progressive  atrophy  and  neu¬ 
ron  death  for  one  year  following  brain  trauma  in  the  rat.  J  Neu¬ 
rotrauma  14:715-727 

48.  Stone  JR,  Singleton  RH,  Povlishock  JT  (2000)  Antibodies  to 
the  C-terminus  of  the  beta-amyloid  precursor  protein  (APP):  a 
site  specific  marker  for  the  detection  of  traumatic  axonal  in¬ 
jury.  Brain  Res  871:288-302 

49.Strich  SJ  (1956)  Diffuse  degeneration  of  the  cerebral  white 
matter  in  severe  dementia  following  head  injury.  J  Neurol  Neu¬ 
rosurg  Psychiatry  19:163-185 

50.  Stys  PK,  Li  S  (2000)  Glutamate-induced  white  matter  injury: 
excitotoxicity  without  synapses.  Neuroscientist  6:230-233 

51.  Sutton  RL,  Lescaudron  L,  Stein  DG  (1993)  Unilateral  cortical 
contusion  injury  in  the  rat:  vascular  disruption  and  temporal 
development  of  cortical  necrosis.  J  Neurotrauma  10: 1 35—149 

52. Terayama  Y,  Meyer  JS,  Kawamura  J,  Weathers  S  (1991)  Role 
of  thalamus  and  white  matter  in  cognitive  outcome  after  head 
injury.  J  Cereb  Blood  Flow  Metab  1 1:852-860 

53. Terayama  Y,  Meyer  JS,  Kawamura  J,  Weathers  S  (1993)  Cog¬ 
nitive  recovery  correlates  with  white-matter  restitution  after 
head  injury.  Surg  Neurol  39:177-186 

54. Timming  R,  Orrison  W,  Mikula  JA  (1982)  Computerized  to¬ 
mography  and  rehabilitation  outcome  after  severe  head  trauma. 
Arch  Phys  Med  Rehabil  63:154-159 

55. Uzzell  BP,  Dolinskas  CA,  Wiser  RF,  Langfitt  TW  (1987)  In¬ 
fluence  of  lesions  detected  by  computed  tomography  on  out¬ 
come  and  neuropsychological  recovery  after  severe  head  in¬ 
jury.  Neurosurgery  20:396-402 

56.  Van  der  Naalt  J,  Hew  JM,  Zomeren  AH  van,  Sluiter  WJ,  Min- 
derhoud  JM  (1999)  Computed  tomography  and  magnetic  reso¬ 
nance  imaging  in  mild  to  moderate  head  injury:  early  and  late 
imaging  related  to  outcome.  Ann  Neurol  46:70-78 

57.  Wise  SP,  Jones  EG  (1977)  Cells  of  origin  and  terminal  distrib¬ 
ution  of  descending  projections  of  the  rat  somatic  sensory  cor¬ 
tex.  J  Comp  Neurol  175:129-158 

58.  Yakovlev  AG,  Knoblach  SM,  Fan  L,  Fox  GB,  Goodnight  R, 
Faden  AI  (1997)  Activation  of  CPP32-like  caspases  contributes 
to  neuronal  apoptosis  and  neurological  dysfunction  after  trau-' 
matic  brain  injury.  J  Neurosci  17:7415-7424 

59.  Yamakami  I,  McIntosh  TK  (1989)  Effects  of  traumatic  brain  in¬ 
jury  on  regional  cerebral  blood  flow  in  rats  as  measured  with  ra¬ 
diolabeled  microspheres.  J  Cereb  Blood  Flow  Metab  9:1 17-124 

60.  Yuan  X-Q,  Prough  DS,  Smith  TL,  Dewitt  DS  (1988)  The  ef¬ 
fects  of  traumatic  brain  injury  on  regional  cerebral  blood  flow 
in  rats.  J  Neurotrauma  5:289-301 

61  -  Zilles  L  (1985)  The  cortex  of  the  rat.  A  stereotaxic  atlas. 
Springer,  New  York  Berlin  Heidelberg 


